Chapter 14
Radionuclide Imaging of Chromaffin Cell
Tumors

David Taieb and Karel Pacak

14.1 Epidemiology and Natural History

PHEOs/PGLs are rare tumors with an annual incidence of one to eight patients per
million [1]. They account for about 4 % of adrenal incidentalomas with a higher
prevalence in an autopsy series [2]. Pediatric PHEOs/PGLs account for about 20 %
of these tumors [3]. Approximately 75-85 % are located in the adrenal gland, and
the remaining tumors are found outside of the gland, most commonly in the abdo-
men and thorax and less frequently in the head and neck (also termed as head and
neck PGLs/HNPGLs) [4]. It is estimated that in the USA, there are about 1,000-
2,000 new patients per year. Approximately 10% of these patients present with
metastatic disease upon initial diagnosis [5]. Around one third of these tumors are
hereditary, caused by at least a dozen, well-characterized genes, described later on
in this chapter [6, 7]. It is also estimated that about 30-50 % of these tumors are
unrecognized initially, resulting in serious consequences to the patient, including
death [8-10].
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14.2 Tumor Origin

PHEOs and sympathetic-associated paragangliomas (symp-PGLs) develop from
cells of the adrenal medulla or extra-adrenal chromaffin cells, respectively.

Chromaffin cells and sympathetic neurons derive from a common sympathoad-
renal (SA) progenitor cell of neural crest origin. SA progenitor cells aggregate at the
dorsal aorta, where they acquire a catecholaminergic neural fate. Subsequently, the
cells migrate ventrally to invade the fetal adrenal cortex and form the adrenal
medulla, as well as dorsolaterally to form sympathetic ganglia. Most extra-adrenal
chromaffin cells regress via apoptosis. The organ of Zuckerkandl (OZ) constitutes
the largest chromaffin paraganglia in the embryo and regresses after birth via
autophagy [11]. Adrenal medulla and persistent extra-adrenal chromaffin cells
located in the retroperitoneum and posterior mediastinum represent the chromaffin
paraganglia system in adults. These cells possess the machineries to synthesize,
store, release, and take up catecholamines, including the enzymes for noradrenaline
synthesis. They have been named “chromaffin” by Kohn (1902) because of their
characteristic staining property by chromium salts [12]. These embryological bases
explain why PHEO and symp-PGL can be widely distributed along the sympathetic
nervous system in the posterior mediastinum and retroperitoneum. In contrast,
HNPGLs are derived from neural crest cells of the parasympathetic nervous system,
with only 20 % producing and/or secreting catecholamines, usually dopamine or its
metabolite 3-methoxytyramine [13—15]. Furthermore, these tumors are usually
benign, except those caused by succinate dehydrogenase subunit B (SDHB) gene
mutations, which are considered aggressive either locally or by the development of
metastatic disease [5, 16—-18].

14.3 Clinical Presentation and Diagnosis

PHEOs and symp-PGLs usually cause symptoms of catecholamine (norepinephrine
or epinephrine) oversecretion (e.g., sustained or paroxysmal elevations in blood pres-
sure, headache, episodic profuse sweating, palpitations, pallor, nervousness, or anxi-
ety) [4]. These attacks can be caused with or without a trigger. The most common
causes of catecholamine release from these tumors are direct manipulation, various
drugs (mainly antidepressants, over-the-counter cold and allergy medicine, or anti-
emetics), stress, any type of local or general anesthesia, or excessive physical activ-
ity. If such an attack (sometimes called a “spell”’) occurs, catecholamine concentrations
can be enormous, reaching 1,000 times the normal reference limit, resulting in seri-
ous cardiovascular consequences and, in some patients, death [19-21]. Therefore, all
patients with PHEO/PGL must be put on an adrenoceptor blockade that can lessen or
at least partially prevent (full prevention of catecholamine effect on any organ is
impossible) the deleterious effects of catecholamines on end organs [22]. Patients
with a completely biochemically silent PHEO/PGL based on repeated, normal
plasma and/or urine catecholamines and metanephrines are the only exception.
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14.4 Biochemical Phenotypes

PHEOs/PGLs present in three well-defined biochemical phenotypes: noradrenergic,
adrenergic, and dopaminergic (Table 14.1). A noradrenergic phenotype is defined
by the elevation of norepinephrine or its metabolite, normetanephrine. In these
tumors, the concentration of metanephrine, a metabolite of epinephrine, is usually
less than 5% of the sum of normetanephrine and metanephrine tissue concentra-
tions [23]. These tumors are characteristic for extra-adrenal PGLs, either sporadic
or those with hereditary background, mainly including mutations in succinate dehy-
drogenase subunits (SDHx), von Hippel-Lindau (VHL), fumarate dehydrogenase
(FH), and hypoxia-inducible factor alpha (HIF2A) [7] genes. Clinically, patients
with these tumors mainly present with paroxysmal or sustained hypertension and,
less commonly, with tachyarrhythmia. An adrenergic phenotype is defined by the
elevation of metanephrine in a PHEO/PGL tissue that is at least 10 % or more of the
sum of metanephrine and normetanephrine tissue concentrations [23]. Epinephrine
production in these tumors reflects the presence of the enzyme Phenylethanolamine-
N-methyltransferase (PNMT) which is uniquely found in the adrenal medulla.
Therefore, most of these tumors, if not all of them, are located in the adrenal medulla
and as previously described called PHEOs. They can be sporadic or hereditary,
including mutations in RET proto-oncogene (RET), neurofibromatosis type 1 (NF1),
and transmembrane protein 127 genes. Clinically, patients with these tumors mainly
present with paroxysmal or sustained tachyarrhythmia and, usually, mild hyperten-
sion. Due to the significant effect of epinephrine on beta-adrenoceptors, some of
these patients may even present with hypotension due to beta-adrenoceptor-
mediated vasodilation [24]. A dopaminergic phenotype is characterized by signifi-
cant elevation of either dopamine or its metabolite methoxytyramine, or both.
Usually, dopamine or methoxytyramine elevation is associated with an increase in
norepinephrine or normetanephrine, which is commonly seen in patients with SDHx
mutations [14, 15]. If only dopamine is elevated, patients do not present with any
clinical signs or symptoms, unless dopamine levels are tremendously high (very
rare) and hypotension may occur.

14.5 Spectrum of Hereditary Syndromes and Phenotype-
Genotype Correlations

Research in molecular genetics has resulted in the identification of more than 20
susceptibility genes for tumors of the entire paraganglia system [7, 25]. Most
PHEOs occur sporadically, whereas the majority of symp-PGLs are associated with
germline driver mutations. Depending on their location, the most commonly found
gene mutations are (1) unilateral PHEO: succinate dehydrogenase complex subunit
B or D (SDHB or SDHD) and VHL; (2) bilateral PHEO: SDHB, RET, VHL, NF1,
MY C-associated factor X (MAX), and TMEM127; and (3) symp-PGLs with or
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without PHEO: SDHB, SDHD, VHL, and HIF2A. Other genes account for a small
minority of cases. Recent tumor sequencing has also led to the identification of
somatic events in a large number of PHEOs/PGLs (The Cancer Genome Atlas,
unpublished observations) (Table 14.1). Patients presenting with metastatic disease
mainly include those with SDHB and perhaps SDHD (excluding HNPGLs), FH,
and MAX-related PHEOs/PGLs, although, at present, about 50% of metastatic
PHEOs/PGLs are non-hereditary [5].

14.6 Differential Diagnosis

There are several potential causes to consider for the differential diagnosis in the
presence of an adrenal or extra-adrenal mass (Table 14.2). However, the masses that
belong to either PHEO or PGL are usually detected by imaging-specific character-
istics that include the value of Hounsfield units (HU), T2-weighted bright images,
and positivity on PHEO-/PGL-specific functional imaging, as described below.

14.7 Typical PHEO/PGL Imaging Finding on CT and/
or MRI

On non-contrast computed tomography (CT), PHEO/PGL can demonstrate a variety
of appearances. Two thirds of PHEO/PGLs are solid, while the remainder are com-
plex or have undergone cystic or necrotic changes [26]. Typically, the CT attenuation
of PHEO/PGL is about soft tissue attenuation and thus greater than 10 HU, with most
PHEOs/PGLs 20-30 HU or higher. PHEO/PGL can present with a high attenuation
due to the presence of hemorrhage or calcifications. In contrast, necrotic tissue pres-
ents with a low attenuation. Typically, a PHEO/PGL demonstrates avid enhancement
(often greater than 30 HU) [27]. In addition, enhancement can be heterogeneous, or
there may be no enhancement due to cystic, necrotic, or degenerated regions within
the lesion [28]. On magnetic resonance imaging (MRI), the classic imaging appear-
ance of PHEO/PGL is “light bulb” bright on T2-weighted imaging. In reality, 30 %
of PHEOs/PGLs demonstrate moderate or low T2-weighted signal intensity [27, 29].
PHEOs/PGLs typically demonstrate avid contrast enhancement following the admin-
istration of intravenous gadolinium-based contrast material [30, 31].

14.8 Typical Imaging Finding on Molecular Imaging

Nowadays, positron emission tomography (PET) is a cornerstone in the evaluation
of hereditary as well as non-hereditary PHEOs/PGLs. The broad diversity of PET
biomarkers enables assessment of different metabolic pathways and receptors.
Beyond its localization value, this imaging modality provides unique opportunities
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Table 14.2 Main causes of solid extrarenal retroperitoneal masses

Localization Cause

Adrenal masses Adrenocortical adenoma
Adrenocortical carcinoma (ACC)
Pheochromocytoma
Adrenocortical hyperplasia
Lymphoma

Metastasis

Myelolipoma

Angiomyolipoma

Ganglioneuroma

Hematoma (may coexist with tumors, especially PHEO)
Oncocytoma

Granulomatous inflammation

Sarcoma

Extra-adrenal retroperitoneal Neurogenic tumor (schwannoma, neurofibroma)

masses Ganglioneuroma

Paraganglioma

Lymph node (malignancies, inflammatory origin, Castleman
disease)

Gastrointestinal stromal tumor (GIST)

Sarcoma (liposarcoma, leiomyosarcoma, other)

Solitary fibrous tumor

for better characterizing these tumors at molecular levels (e.g., the presence of cat-
echolamines and their metabolites, specific cell membrane receptors and transport-
ers), mirroring ex vivo histological classification but on a whole-body, in vivo, scale
(Table 14.4).

Thus, successful PHEO-/PGL-specific localization depends on the presence of
molecules (imaging targets) for which PET radiopharmaceuticals are currently avail-
able. Based on several recent studies, it has been uncovered that PHEO-/PGL-specific
imaging targets have various expressions based on whether these tumors belong to
pseudohypoxic or kinase signaling clusters, present as metastatic, are located in or
outside the adrenal gland, or are derived from the sympathetic or parasympathetic
nervous system. Currently, '®F-fluorodeoxyglucose ("*F-FDG) is the most accessible
PET radiopharmaceutical, but lacks specificity for these tumors. *F-fluorodopamine
("8F-FDA) and '"'C-hydroxyephedrine (''C-HED) are the most specific tracers for
chromaffin tumors, but are available in very few centers and fail in metastatic and
hereditary PHEOs/PGLs [32-34]."8F-fluorodyhidroxyphenylalanine (‘F-FDOPA) is
available from different pharmaceutical suppliers, but its sensitivity widely depends
on the genetic background and whether the PHEO/PGL is sympathetic or parasym-
pathetic [35-37]. Metastatic behavior of these tumors can also affect the expression
of amino acid transporters [38]. Newly developed ®*Ga-labeled peptides, as in other
neuroendocrine tumors, have shown very interesting results and, in our opinion,
should be positioned first for many indications due to their exceptional affinity to
somatostatin receptor type 2 found on these tumors [39-44].

PHEOs and PGLs usually have highly elevated uptake values with specific radio-
pharmaceuticals based on their genetic background. For example, '*F-FDOPA PET/CT
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was replaced by ®Ga-DOTATATE PET/CT as the best available imaging modality for
metastatic PHEO/PGL, especially in those with SDHB mutations and head and neck
PGLs [40—42]. The Octreoscan has been suggested not to be used anymore due to its
suboptimal performance in the detection of these tumors and the growing availability
of 8Ga-DOTATATE PET/CT. However, the use of other ®*Ga-labeled DOTA analogues
(Ga-DOTATOC and ®*Ga-DOTANOC) needs to be confirmed in a large population of
patients. A variety of new radiopharmaceuticals have been developed as potential com-
petitors of ®Ga-DOTATATE (**Ga-labeled somatostatin antagonists, $Cu-labeled SSA
[45], or ¥F-SiFAlin (silicon-fluoride acceptor)-modified TATE), but they need to be
evaluated [46].

14.9 Relationship Between Genotype and Imaging
Phenotype

Proper evaluation of PHEO/PGL is a key point for choosing the necessary treatment
plan for follow-up and outcome for these patients. The presence of SDHx mutations
markedly influences sensitivity of "*F-FDG, "|F-FDOPA, and %Ga-DOTA-SSAs
PET/CT. “F-DOPA PET/CT has a sensitivity approaching 100% for sporadic
PHEO and a very high specificity (95 %), but can miss tumors in SDHx-mutated
patients. '*F-FDOPA PET/CT still remains a very good modality for the detection of
some metastatic PHEO/PGLs — it ranks as the second best for the detection of
HNPGLs, and it can also be used for patients with non-hereditary metastatic PHEO/
PGL [18, 35, 36, 38, 47, 48]. By contrast, SDHx tumors usually exhibit highly ele-
vated '8F-FDG uptake values. However, '®F-FDG PET/CT positivity is present in
about 80 % of primary PHEOs. Thus, 'SF-FDG PET/CT remains a good alternative
for the detection of metastatic PHEO/PGL, especially those related to SDHx muta-
tions [49]. Several potential diagnoses should be considered in cases of F-FDG-
avid adrenal masses (Table 14.3).

The use of ¥Ga-DOTA-SSAs in the context of PHEOs/PGLs has been studied
less, but has shown excellent preliminary results in localizing these tumors, espe-
cially metastatic and head and neck ones, as discussed above. A head-to-head com-
parison between %Ga-DOTA-SSA and '®F-FDOPA PET has been performed in only
five studies: one retrospective study from Innsbruck Medical University
(%8Ga-DOTATOC in 20 patients with unknown genetic background) [50], three
prospective studies from the NIH (SDHB, HNPGL, and sporadic metastatic PHEOs/
PGLs) (®®Ga-DOTATATE in 17 and 20 patients), and one prospective study from La
Timone University Hospital (®*Ga-DOTATATE in 30 patients) [40-42]. In these
studies, %Ga-DOTA-SSA PET/CT detected more primary head and neck PGLs as
well as SDHx-associated PGLs than 'F-FDOPA PET/CT [51]. By contrast, in the
context of sporadic PHEO, "SF-FDOPA PET/CT may detect more lesions than
%Ga-DOTATATE, although larger studies are needed to confirm those results [51].
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Table 14.3 Differential diagnosis of highly F-FDG-avid adrenal masses (adrenal to liver

SUVmax ratio>3, A/L.>3)

Typical feature on '®F-FDG PET/

Tumor type CT Major criteria for diagnosis
PHEO Well-circumscribed mass with a Elevated metanephrines
heterogeneous uptake Family history
Moderate to high avidity PHEO/PGL predisposing
Central area of low or absent mutation
avidity Multifocality
BAT uptake (periadrenal)

Adrenocortical Often irregular mass with a Elevated steroid secretion
carcinoma heterogeneous uptake Venous tumor extension (vena
Moderate to high avidity cava)

Often more rapid growth Liver/lung metastases
Lymphoma Poorly circumscribed mass with a | Bilateral adrenal and lymph node

homogeneous uptake
Highly elevated A/L (often >8)

involvement, elevated serum
lactate dehydrogenase (LDH)

Adrenal oncocytoma

Well circumscribed with a
homogeneous uptake
Highly elevated A/B (often >8)

Possible elevation of cortisol or
androgens

Metastases

Variable features
Moderate to high avidity

Personal history of cancer
Often extra-adrenal metastases

Table 14.4 Comparison of different PET radiopharmaceuticals in the detection of metastases

PHEO/PGL (number of sites) (40, 42Timmers, 49)

Specificity | Sensitivity | Sensitivity
Tracer Molecular target Cellular retention | (%) sporadic SDHx
SE-FDA Norepinephrine Neurosecretory 100 78 52
transporter vesicles
BE-FDOPA | Neutral amino acid | Decarboxylation |>95% 75 61
transporter system | (AADC)
L (LATs)
%Ga-SSA Somatostatin Internalization 90 % 98 99
receptors (agonists)
BE-FDG Glucose Decarboxylation | 80 % 49 86
transporters (hexokinase)
(GLUTSs)

One of the main drawbacks of ®®Ga-DOTA-SSA is the very high physiological
uptake by healthy adrenal glands [52]. Furthermore, there are also different affini-
ties of various DOTA-SSAs to somatostatin receptors. DOTATATE has the best
affinity to somatostatin receptor type 2, mostly expressed on PHEO/PGLs, fol-
lowed by DOTATOC. DOTANOC has the lowest affinity to somatostatin receptor
type 2 and has some affinity to somatostatin receptor type 5, which is least abun-
dant on PHEOs/PGLs. Therefore, the use of DOTANOC may result in suboptimal
detection of PHEO/PGL, especially their metastatic lesions. Studies comparing
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%Ga-DOTATATE and ®*Ga-DOTATOC are currently unavailable. Excellent results
with DOTA analogues in both sporadic as well as SDHx-related metastatic PHEOs/
PGLs resulted in the use of '"Lu-DOTATATE (Lutathera) in radiotherapy of these
tumors [53-57]. This is followed by the preparation of clinical protocols in order to
properly assess the efficacy of this treatment on a large population of well-charac-
terized patients with metastatic or inoperable PHEO/PGL (Lin, Pacak et al. NIH
protocol in preparation, 2016).

14.10 Role of Radionuclide Imaging

Successful PHEO/PGL management requires an interdisciplinary team approach.
Precise identification of clinical context and the genetic status of a patient
enables a personalized use of functional imaging modalities. Currently, it is rec-
ommended to adopt a tailored approach using a diagnostic algorithm based on
tumor location, biochemical phenotype, and any known genetic background
(Table 14.5) [48, 58].

14.10.1 Diagnosis of PHEO or Symp-PGL
14.10.1.1 Adrenal Mass

Functional imaging should be used in a minority of cases, such as those with suspi-
cion of nonfunctioning PHEO on CT/MRI, elevation of plasma or urine normeta-
nephrine in the presence of an adrenal mass, acute cardiovascular complication in
the critical care setting together with the presence of an adrenal mass, hemorrhagic
adrenal masses, and either elevated plasma metanephrine or normetanephrine in
renal insufficiency. Elevation of metanephrine in the plasma or urine in the presence
of an adrenal mass does not call for the use of functional imaging since metaneph-
rine is 99 % derived from the adrenal gland. Thus, its elevation highly supports the
presence of PHEO, especially when plasma or urine metanephrine is 4x above the
upper reference limit. Another new promising option is the use of proton single-
voxel magnetic resonance spectroscopy (‘H-MRS) that can detect the presence of
catecholamines in PHEO and, therefore, may correctly point to the presence of this
tumor [59-61].

PET imaging using '8F-FDOPA, ®F-FDA PET/CT, or ®®Ga-DOTA-SSA PET/CT
is highly sensitive with *F-FDA having an excellent specificity, as described above
(Fig. 14.1). The low uptake of *F-FDOPA by normal adrenals is a potential advan-
tage over ®Ga-DOTA-SSA for localizing a small PHEO (Figs. 14.2, 14.3, and 14.4).
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Table 14.5 Stepwise molecular imaging approaches for PHEO/PGL

Other related tumor
Location conditions First line Second line
MEN?2 Adrenal MTC, parathyroid E-FDOPA 121-MIBG
adenoma, or hyperplasia
NF1 Adrenal Neurofibromas, BE_.FDOPA IZI_MIBG
MPNSTs, and gliomas
TMEMI127 | Adrenal RCCs SE-FDOPA 12]-MIBG
MAX Adrenal None reported SE-FDOPA Z-MIBG
VHL PHEO/PGL | RCC and CNS SF-FDOPA %Ga-DOTATATE
Hemangioblastomas
SDHB PHEO/PGL | GISTs and RCCs %Ga-DOTATATE | '*F-FDG
Pituitary adenoma
SDHD PHEO/PGL | GIST, RCC, and %Ga-DOTATATE | '*F-FDG
pituitary adenoma
SDHC PHEO/PGL | GIST %Ga-DOTATATE | '*F-FDG
HIF2A PHEO/PGL | Somatostatinomas SE-FDOPA E-FDA

GIST gastrointestinal stromal tumor, M7TC medullary thyroid carcinoma, RCC renal cell carci-
noma, MPNST malignant peripheral nerve sheath tumor

Fig. 14.1 Typical imaging features of PHEO on "*F-FDOPA PET/CT and ®*Ga-DOTATATE. Axial
BE-FDOPA PET (a) and PET/CT (b). Axial ®Ga-DOTATATE PET (c) and PET/CT (d). The
PHEO was positive on both imaging studies (arrows). Note high *Ga-DOTATATE uptake by the
left normal adrenal gland (arrowheads)
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Fig. 14.2 Unilateral MEN2A-related PHEO. Multiphasic adrenal CT (a—c), '*F-FDOPA PET/CT,
and (e) '"SF-FDG PET/CT (f) showed a single left PHEO (arrow) with normal contralateral gland
(arrowhead), while '"*I-MIBG was falsely positive for the right adrenal gland. A total left adrenal-
ectomy was performed with subsequent normalization of metanephrine. Pathological analysis
found three PHEOs (20 mm for the largest tumor)
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Fig. 14.3 MEN2A with PHEO and persistent MTC. (a) '"*F-FDOPA PET/CT (MIP image) show-
ing persistent cervical metastatic lymph nodes from MTC (arrow), (b) unenhanced CT showing a
left adrenal nodule, and (¢) axial '®F-FDOPA PET and PET/CT are consistent with a small left
PHEO (arrow)

14.10.1.2 Retroperitoneal Extra-Adrenal Nonrenal Mass

In the presence of a retroperitoneal extra-adrenal, nonrenal mass, it is important to
differentiate a PGL from other tumors (Table 14.2). A biopsy is not always contribu-
tory or even recommended, since it can carry a high risk of hypertensive crisis and
tachyarrhythmia. Therefore, it should only be done if a PGL has been ruled out in a
patient presenting with signs and symptoms of catecholamine excess. Specific func-
tional imaging studies, which are not usually performed before biochemical results
are available, are very helpful in distinguishing PGLs from other tumors (Figs. 14.5,
14.6, 14.7, and 14.8). %Ga-DOTA-SSAs are the first-line imaging since most
patients are expected to have SDHx mutations.
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Fig. 14.4 '"F-FDOPA PET/CT findings in hereditary PHEOs. (a, b) NFI-related right PHEO. (c,
d) Bilateral VHL-related PHEO. (¢, d) Bilateral MAX-related PHEO (note the presence of two foci
within the left adrenal gland)
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14.10.2 Assessment of Locoregional Extension and Diagnosis
of Malignancy

Presently, there are no reliable cytological, histological, immunohistochemical,
molecular, or imaging criteria for determining malignancy [62]. The diagnosis of
malignancy remains strictly based on the finding of metastases where chromaffin
cells are not usually present, such as the lymph nodes, lung, bone, or liver.

Anatomical imaging appears sufficient in the staging of PHEO/PGL. Functional
imaging is probably not necessary in the preoperative workup of PHEO patients
meeting the following criteria: >40 years, no family history, small (less than 2.0 cm)
PHEO-secreting predominantly metanephrine, and negative genetic testing.
Functional imaging is strongly recommended for excluding metastatic disease in
large adrenal tumors (>4-5.0 cm) and in SDHB patients, and most probably SDHD
as well. It is widely accepted that tumors with an underlying SDHB mutation are
associated with a higher risk of aggressive behavior, development of metastatic dis-
ease, and, ultimately, death.

To date, 'F-FDOPA PET or %Ga-DOTA-SSA may be the imaging modality of
choice in the absence of a SDHB mutation, or when genetic status is unknown. By
contrast, ®*Ga-DOTA-SSA or, if not available, '8F-FDG PET should be considered
as the imaging modalities of reference for SDHx-related cases (for images, see
Chap. 13).

14.10.3 Detection of Multifocality

Beyond malignancy risk, inherited (especially SDHx, VHL, and MENZ2) or symp-
PGL raises the problem of multifocality. Based on recent published data,
8Ga-DOTA-SSA has gained an increasing role and should get a leading position in
this setting. In absence of available %Ga-DOTA-SSA, "®F-FDG should be preferred
to F-FDOPA in SDHx patients, whereas 'SF-FDOPA appears to be a very good
imaging tool in other genotypes and sporadic cases.

14.10.4 Imaging Follow-Up of Sporadic PHEO/PGL Patients

For sporadic PHEO/PGL patients, imaging follow-up is necessary, especially in
those patients presenting with primary tumors larger than 4-5 cm and those with an
extra-adrenal location [63]. Currently, there is no guideline regarding the frequency
of imaging follow-up, but it is recommended to be done at least every 2 years, with
either CT or MRI, preferably alternatively, to reduce the amount of radiation deliv-
ered to the patient.
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Fig. 14.5 Sporadic extra-adrenal paraganglioma. CT scan revealed a solitary preaortic mass with
arapid and marked contrast enhancement and a slow washout pattern suspected of paraganglioma.
BE-FDG PET was slightly positive, but ¥F-FDOPA PET was pathognomonic for PGL. (a)
Unenhanced CT, 40 HU; (b) arterial contrast-enhanced CT, 130 HU; (¢) arterial contrast-enhanced
CT (reconstruction); (d) portal-phase contrast-enhanced CT, 80 HU; (e) '*F-FDG PET, moderate
tumor uptake (SUVmax=2.5); and (f) 'SF-FDOPA PET, high tracer uptake (SUVmax=38.5).
Pathological analysis found a typical paraganglioma
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Fig. 14.6 Retroperitoneal neurofibroma. CT scan showed a retroperitoneal para-aortic solitary
mass with a moderate and progressive homogeneous contrast enhancement. '"F-FDG PET showed
a mildly increased "F-FDG uptake, and *F-FDOPA PET was negative. (a) Unenhanced CT, 28
HU; (b) arterial contrast-enhanced CT, 36 HU; (c¢) arterial contrast-enhanced CT (reconstruction);
(d) portal-phase contrast-enhanced CT, 70 HU; (e) "*F-FDG, moderate tumor uptake (SUVmax =
3.6); and (f) "*F-FDOPA PET, absence of tumor uptake. Pathological analysis found a cellular
neurofibroma with atypia (Ki-67 10-15 %)
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Fig. 14.7 Para-adrenal PGL in a SDHD patient. Axial '8F-FDG PET (a) and PET/CT (b) and
BE-FDOPA PET (d) and PET/CT (e). *F-FDG PET was positive, while '*F-FDOPA PET was
considered as falsely negative. Gross pathology showed that the tumor was developed from para-
adrenal paraganglia (adr adrenal, pgl paraganglioma) (c)

14.10.5 Imaging Follow-Up of Mutation Carriers

An optimal follow-up algorithm has not yet been validated in mutation carriers for
predisposing genes for PHEO/PGL. MRI offers several physical advantages over CT
and does not expose patients to ionizing radiation, which is critical in a patient popu-
lation submitted to lifelong imaging surveillance. However, MRI can be less sensi-
tive than radionuclide imaging for detecting small lesions. Follow-up should include
annual biochemical screening, and CT or MRI can be delayed on 2-year intervals.
Indications for PET imaging studies should be discussed on an individual basis.

14.11 Current Proposed Imaging Algorithm in the Diagnosis
and Localization of PHEO and Symp-PGL

Successful PPGL management requires an interdisciplinary team approach. Precise
identification of clinical context and genetic status of patients enables a personal-
ized use of functional imaging modalities [64—67]. Although the extra cost and
availability of new PET tracers can prove problematic, the option of not employing
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A

Fig. 14.8 HIF2A-related paraganglioma of the organ of Zuckerkandl. Contrast-enhanced CT arte-
rial phase (a) showing a hypervascular and heterogeneous left para-aortic mass located at the level
of the inferior mesenteric artery (arrow). *F-FDOPA PET/CT (b) and "*F-FDG PET and PET/CT
(¢) showing a single tumor with heterogeneous uptake and a preferential '*F-FDOPA imaging pat-
tern, a finding which is opposite to the classical SDHx-associated imaging phenotype (see
Fig. 14.7)

them might lead to inappropriate management with health-related consequences
that should not be underestimated.

Based on the currently available imaging techniques, we propose the following
approach to investigate a patient with HNPGL.:

1. For diagnosis, the specificity provided by functional imaging techniques using
BE-FDOPA PET/CT or %Ga-SSTa is superior to anatomical imaging.

2. For detecting additional tumor sites (multifocality, metastases), functional imag-
ing techniques are superior to anatomical imaging. Based on the most recent
studies and personal experience, PPGLs are well detected with *F-FDOPA PET/
CT. 8Ga-DOTA-SSA is also very sensitive for staging, regardless of the geno-
type. In the absence of available ®*Ga-DOTA-SSA, '8F-FDG PET/CT should be
used as the first-line radionuclide imaging tool in SDHx cases.

3. For determining the locoregional extension of PHEO/symp-PGL, anatomic
imaging remains the first-line modality.
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This algorithm should be adapted to the practical situation within each institution
and should evolve with time as new techniques become available (Table 14.5).
BE-FDOPA and ®®Ga-DOTA-SSA are currently available in many clinical and
research centers around the world.

14.11.1 Image-Based Treatment of PHEOs/PGLs
14.11.1.1 Adrenal-Sparing Surgery

A subtotal (cortical-sparing) adrenalectomy is a valid option in patients with MEN2,
NF1, or VHL. In cases with bilateral PHEOs, this strategy offers the advantage of
potentially avoiding steroid supplementation. Therefore, it is crucial to perform
regular imaging follow-ups of known PHEOs in addition to biochemical testing for
determining the optimal time to schedule a cortical-sparing surgery. CT is prefera-
ble over MRI due to its excellent resolution, which provides detailed anatomical
locations of tumor extension within the adrenal gland and, for MEN2 patients, the
number of tumors within the adrenal medulla. On the other hand, the advantage of
using MRI over CT is the lack of exposure to ionizing radiation, which is an impor-
tant factor in hereditary cases undergoing continuous follow-up. In selected cases,
functional imaging may be used in addition to anatomical imaging. There is a clear
advantage of 8F-FDOPA PET/CT over MIBG and other specific PET tracers due to
the lack of significant uptake in normal adrenal glands [68]. ¥ F-FDOPA PET may
also identify metastases from medullary thyroid carcinoma with persistent hyper-
calcitoninemia [69].

14.11.1.2 Theranostics

12[-MIBG scintigraphy is used as a companion imaging agent to assist in radio-
nuclide therapy selection. A special advantage of labeled SSAs is that, unlike
BE-FDOPA, they can be used in the radioactive treatment of these tumors (as
theranostic agents). To date, peptide receptor radionuclide therapy (PRRT) using
0Y-/'"""Lu-labeled somatostatin agonists has been evaluated in a limited number of
PHEO/PGL cases [53-57, 70]. On average, response rates (mainly partial
responses) have been 30-60 %. Disease stabilization is frequent but more difficult
to interpret, since these tumors often exhibit a slow growing pattern. Larger stud-
ies, including various hereditary and non-hereditary PHEOs/PGLs, are needed in
order to conclude which PHEOs/PGLs can best be treated using this therapy and
whether PRRT should be used together or as a “replacement” to other treatment
modalities.

We believe that data from PRRT in midgut NETs will provide a powerful impe-
tus for wider application of the %Ga-/'""Lu-DOTATATE strategy in the management
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Table 14.6 Physical characteristics of '''In, Y, '""Lu, and '°'Tb [71]

Total electron energy/ Path length Gamma
Emission Tin(d) | decay (keV) (mm) (keV)
n Auger 2.8 34.8 <0.01 171 (91 %)
245 (94 %)
Ny Beta particles 2.7 933.1 12 -
7Lu Beta particles 6.6 147.9 2 113 (6.4 %)
208 (11 %)
'Tb | Beta 6.9 202.5 <1 75 (10 %)
particles + Auger

of inoperable (including metastatic ones) PHEOs/PGLs. The toxicity profile (kid-
ney, bone marrow) of "Lu-DOTATATE is acceptable due to the low penetration
range of ""Lu (Table 14.6). *°Y has a pure beta emission with long-range particles
that, besides the direct action, also lead to irradiation of non-receptor-expressing
tumor cell (cross-fire effect). For these reasons, *°Y-peptides could be preferable for
the treatment of larger and inhomogeneous lesions. However, toxicity is more fre-
quent than with '"’Lu, and clinical implementation of dosimetry is much more com-
plex than for "Lu. ®®Ga can be used as a surrogate isotope for dosimetry purposes,
but it provides only limited information due to its very short physical half-life
(68 min) compared to °°Y and 7’Lu (Table 14.6). Cu-DOTATATE was also found
to provide excellent imaging quality for NET imaging [45] and can be used for
dosimetry purposes. Beyond Y and '""Lu, the terbium radioisotopes '>*Tb (SPECT),
152Tb (PET), and '°'Tb (therapeutic isotope) can also be considered as theranostic
pairs. '°'Tb has medium-energy beta particles similar to '”’Lu, but has the advantage
over ""Lu to emit a high level of internal conversion and Auger electrons that may
act synergistically to beta particles. Modeling studies have shown that '*'Tb and
7Lu can deliver equivalent absorbed doses in 10 mm spheres. However, '®'Tb
would be more effective than '""Lu at a smaller scale [71]. Therefore, the use of
191Th would enable destruction of macroscopic residual disease but also small cell
clusters (micrometastases, isolated cells). Therapeutic nuclear medicine may also
include the administration of bone-seeking radiopharmaceuticals. Beyond the use
of beta particles and Auger emitters for therapeutic applications, there are signifi-
cant advantages to use alpha emitters. However, until present, only a few studies
have targeted NETs.

Recent reports have shown that cellular internalization might shorten the residual
time of '"Lu within tumor cells compared to radiolabeled SST antagonists. SST
antagonists also have higher affinities for SST receptors than agonists, and lower
internalization rates, resulting in a longer retention time on cell membrane.
According to these observations, in the future, somatostatin antagonists might be
considered as an alternative to agonists for PRRT.
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